Abstract. Increased local and systemic levels of interleukin (IL)-6 are associated with inflammatory processes, including neutrophil infiltration of the alveolar space, resulting in lung injury. Our previous study demonstrated the beneficial anti-inflammatory effects of acute exposure to ethanol (EtOH) in an acute in vivo model of inflammation. However, due to its side-effects, EtOH is not used clinically. In the present study, the effects of EtOH and ethyl pyruvate (EtP) as an alternative anti-inflammatory drug prior to and following application of an IL-6 stimulus on cultured A549 lung epithelial cells were compared, and it was hypothesized that treatment with EtOH and EtP reduces the inflammatory potential of the A549 cells. Time-and dose-dependent release of IL-8 from the A549 cells was observed following stimulation with IL-6. The release of IL-8 from the A549 cells was assessed following treatment with EtP (2.5-10 mM), sodium pyruvate (NaP; 10 mM) or EtOH (85-170 mM) for 1, 24 or 72 h, prior to and following IL-6 stimulation. The adhesion capacities of neutrophils to the treated A549 cells, and the expression levels of cluster of differentiation (CD)54 by the epithelial cells were measured. Treatment of the A549 cells with either EtOH or EtP significantly reduced the IL-6-induced release of IL-8. This effect was observed in the pre-and post-stimulatory conditions, which is of therapeutic importance. Similar data was revealed regarding the IL-6-induced neutrophil adhesion to the treated A549 cells, in which pre-and post-treatment with EtOH or EtP decreased the adhesion capacity, however, the results were dependent on the duration of incubation. Incubation durations of 1 and 24 h decreased the adhesion rates of neutrophils to the stimulated A549 cells, however, the reduction was only significant at 72 h post-treatment. The expression of CD54 was reduced only following treatment for 24 h with either EtOH or EtP, prior to IL-6 stimulation. Therefore, EtOH and EtP reduced the inflammatory response of lung epithelial cells, and the potential of EtP to mimic EtOH was observed in the pre-and post-treatment conditions.
Introduction
Alcohol (ethanol; EtOH) is a potent immunomodulatory drug with adverse and inconsistent effects on inflammation (1) (2) (3) (4) . Its pathological mode of action is dose dependent and varies in acute and chronic exposure (1) (2) (3) (4) (5) (6) (7) (8) . EtOH consumption is a risk factor in clinical treatment and has been closely associated with several negative clinical outcomes (9) (10) (11) . Concerning trauma, one of leading causes of mortality, EtOH has been associated with one third of all traumatic injury-associated mortalities (9, 10) . In addition, ~50% of all trauma victims enter emergency departments with positive blood EtOH concentrations (BACs). Numerous studies have reported increased risks of infectious complications, including pneumonia, sepsis, organ and multiple organ failure, during the clinical course following trauma, however, others report conflictive findings (11) (12) (13) (14) (15) (16) (17) . Within this context, it has been demonstrated that chronic, rather than acute, EtOH abuse adversely affects recovery and outcome following trauma (1, 2) . Heavy EtOH abuse is detrimental to health and is closely associated with an increased release of pro-inflammatory cytokines (5) . However, studies investigating acute and/or low-dose moderate EtOH intake have demonstrated potential beneficial anti-inflammatory effects (6, 7) . Experimental and epidemiological data have confirmed the reduced risk of cardiovascular disease events, including ischemic heart disease or stroke, diabetes and a lower incidence of admission coagulopathy in severe traumatic brain injury patients (18) (19) (20) . EtOH-induced suppression of the host defense is associated with decreased polymorphonuclear neutrophil (PMN) migration, and reductions in PMN-adherence to endothelial cells and the productive
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BORNA RELJA 1 , NINA OMID 1 , ALEXANDER SCHAIBLE 1 capacity of pro-inflammatory interleukin (IL)-8 (3) . These effects may result in increased subsequent susceptibility to infections and also indicate the therapeutic potential of EtOH on the host immunity under acute inflammatory conditions. IL-6, a key active protein in the pathogenesis of diseases of the respiratory system, has been found to be reduced following acute EtOH intake in an in vivo model of acute inflammation induced by hemorrhagic shock with subsequent resuscitation (4, 21) . However, support for its use in the clinical environment are sparse and highly limited due to its entry into the central nervous system (CNS). Ethyl pyruvate (EtP), derived from pyruvate and ethanol, is a well-tolerated non-toxic compound with similar anti-inflammatory effects to pyruvate, however, with higher stability (22, 23) . Its application in vivo leads to significant protective effects from lipopolysaccharide (LPS)-induced white matter injury in the developing rat brain (24) . EtP exerts therapeutic effects in a number of experimental in vivo models, including hemorrhagic shock, endotoxemia and severe sepsis (22, 25, 26) . In the lungs, EtP protects against ventilation-induced neutrophil infiltration and oxidative stress (27) . Due to its stability, the lack of side effects, the wide therapeutic window and no clear signs of intoxication following its use, EtP has received significant attention due to its potential clinical usefulness for the treatment of acute inflammatory conditions. However, important questions regarding the effects of time and dose in EtOH and EtP, and their possible comparability, remain.
In the present study, immortalized human alveolar epithelial cells were treated with EtOH or EtP for various durations and at different dosages, prior to and following treatment with the pro-inflammatory cytokine, IL-6. The aim was to determine whether EtP confers similar beneficial effects as EtOH, in a time-and dose-dependent manner, in an in vitro model of pulmonary inflammation.
Materials and methods
Cell culture. The human A549 lung adenocarcinoma cell line was purchased from Cell Lines Services (Heidelberg, Germany). The cells were cultured at 37˚C under 5% CO 2 in 9 ml RPMI-1640 medium (Seromed, Berlin, Germany), supplemented with 10% heat-inactivated fetal calf serum (FCS; Invitrogen Life Technologies, Darmstadt, Germany), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco-BRL, Ka rlsr uhe, Ger many) and 20 m M H EPES buffer (Sigma-Aldrich, Steinheim, Germany). The culture medium was replaced every 2-3 days. The cell viability following stimulation with the various substances, as described in "cell stimulation", was assessed by measuring the levels of the lactate dehydrogenase cytoplasmic enzyme, using an LDL Cytotoxicity Detection kit (Roche, Penzberg, Germany), as described below. The isolation of blood PMNs from healthy individuals was in accordance with the Declaration of Helsinki. The PMNs were isolated by density-gradient centrifugation at 1124 x g for 30 min at room temperature using polymorphprep (1.113±0.001 g/ml; Nycomed, Oslo, Norway), according to the manufacturer's instructions and, as previously reported (28) . Following isolation, the PMNs were cultured in RPMI-1640 medium, as described above, and their number and viability were determined using a trypan blue (Gibco-BRL) exclusion assay. Only cell cultures with a purity of >95% were used in the subseqent experiments.
Cell stimulation. The concentrations of EtOH, EtP, NaP and IL-6 used were based on previous studies and our previous study to improve comparison of data (3, 8, (29) (30) (31) (32) . EtOH was used at 85 and 170 mM (0.5-1 vol −1 %; 4-7.9 mg EtOH ml −1 ), as described previously (28) (29) (30) . Similarly, the concentrations of EtP (2.5 and 10 mM) and NaP (10 mM) were selected, according to previous studies (18, 31) . The cells were stimulated with either EtOH, EtP or NaP for 1, 24 and 72 h to mimic acute and chronic EtOH exposure.
The time and dose dependency of the secretory capacity of A549 cells was determined by the stimulation of A549 cells with recombinant human IL-6 (10, 50 or 100 ng/ml; R&D Systems, Wiesbaden, Germany) for 4, 8, 12 and 24 h (33) . Based on the secretory capacity of IL-8, IL-6 was used at a dose of 10 ng/ml, and the A549 cells were stimulated for 24 h (Fig. 1) , either prior to or following treatment with EtOH, EtP or NaP for various durations (33) .
Cell viability. The viabilities of the A540 cells were analyzed by measuring the cytoplasmic levels of LDH. In the case of a damaged plasma membrane, cells release LDH into the cell culture supernatant. The activity of LDH in the supernatants collected from cells treated with EtOH, EtP, NaP and IL-6 in a dose and time-dependent manner was determined enzymatically using a cytotoxicity detection kit (LDH) (Roche), according to the manufacturer's instructions. The A549 viability was >95% at all the time points and doses selected for the treatment of the cells in these experiments. In addition, no or marginal detachment of the cells was detected by microscopic evaluation of cell layers following treatment with EtP using an Axio Observer.Z1 (Zeiss, Göttingen, Germany).
A trypan blue exclusion assay was performed to determine the level of viability of the PMNs. Briefly, the isolated PMNs were stained with 0.4% trypan blue and ~100 cells were counted for each isolation. The mean percentage of viability was >99%.
Quantification of cytokine production. The A549 cells were incubated with different concentrations of IL-6 over a time course. At each time point, the culture supernatants were harvested and the concentrations of IL-8 were determined using Quantikine assays (R&D Systems), according to the manufacturer's instructions. ELISA was performed using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).
To determine the effects of EtOH, EtP and NaP on the release of IL-8, A549 cells pre-or post-incubation with EtOH, EtP or NaP for 1, 24 or 72 h prior to or following stimulation with IL-6 for 24 h. The expression levels of IL-8 were subsequently measured in the culture supernatants, as described above. To determine differences in the release of cytokines between the different treatments, cytokine levels are expressed as a percentage relative to that of the stimulated controls.
Monolayer adhesion assay. Following pre or post-incubation with EtOH, EtP or NaP for 1, 24 or 72 h and stimulation with IL-6 for 24 h, the adhesion of PMNs to the treated A549 cells was evaluated. To analyze this, the A549 cells were transferred into 24-well multiplates (Falcon Primaria; Becton Dickinson, Heidelberg, Germany) in complete RPMI-1640 medium (500 µl). The treatment was performed, as described above, at a confluency of ~80%. Freshly isolated PMNs (5x10 4 cells/well) were carefully added to the A549 monolayer or to an empty plastic surface for 60 min. Subsequently, non-adherent PMNs were washed off three times using warmed (37˚C) complete RPMI-1640 medium. The remaining PMNs were fixed with 1% glutaraldehyde (Carl Roth, Kalsruhe, Germany). The adherent PMNs were counted in five randomly selected fields of a defined size (5x0.25 mm 2 ) using a phase contrast microscope (20X objective; Axio Observer.Z1) and the mean cellular adhesion rate was calculated.
CD54 surface expression. Following pre-or post-treatment with EtOH, EtP and NaP, and stimulation with IL-6, the A549 cells were washed in phosphate-buffered saline (PBS; Invitrogen Life Technologies) containing 0.5% bovine serum albumin (BSA; Sigma-Aldrich), and were subsequently incubated with a fluorescein-conjugated mouse monoclonal antibody directed against intercellular adhesion molecule (ICAM)-1/cluster of differentiation (CD)54 (1:20; cat. no. BBA20; clone BBIG-I1; R&D Systems) for 60 min at 4˚C. A mouse immunoglobulin G1 fluorescein antibody (1:20; cat. no. IC002F; clone 11711; R&D Systems) was used as an isotype control. After staining the cells were washed with ice cold PBS (supplemented with 0.5% BSA), and centrifuged at 259 x g for 5 min at 4˚C to remove any unbound antibody. Subsequently, the PBS was removed and the cells were resuspended in 500 µl ice cold PBS (supplemented with 0.5% BSA). The expression of CD54 was measured by flow cytometry using a FACSCalibur (BD Biosciences, Heidelberg, Germany; 1x10 4 cells/scan), with data expressed as the mean fluorescence units.
Statistical analysis.
All experiments were performed between three and six times, and differences between the groups were determined using Wilcoxon-Mann-Whitney U-test. P<0.05 was considered to indicate a statistically significant difference. The data are expressed as the mean ± standard error of the mean. All statistical analyses were performed using GraphPad Prism 5 software (Graphpad Software, Inc., San Diego, CA).
Results

IL-8 release from the A549 cells.
To determine the secretory potential and the time-and dose-responses of the A549 cells to the IL-6 pro-inflammatory mediator, the release of IL-8 by the A549 cells following IL-6 stimulation was evaluated.
IL-6 induced the dose-and time-dependent release of IL-8 ( Fig. 1) . Treatment with IL-6 at 10, 50 and 100 ng/ml increased the release of IL-8 continuously as the dose and the duration of incubation increased (Fig. 1) . The dose response curve at all three doses peaked at 12/24 h. Therefore, the lowest dose of IL-6 (10 ng/ml) was used for subsequent experiments.
IL-8 release following treatment with EtOH or EtP.
It has been reported that a short duration of incubation with EtP reduces the release of IL-8 in stimulated human endothelial and epithelial cells (3, 29) . The present study assessed the effects of pre-and post-treatment with EtOH, EtP or NaP for 1, 24 and 72 h on the IL-6-induced secretory potential of A549 cells to produce IL-8.
In the A549 cells, IL-6 induced a significant increase in the release of IL-8, as shown in Figs. 1 and 2 . Pre-treatment with EtOH for 1 h (Fig.2 ) had no effect on the release of IL-8, whereas pre-treatment with EtOH for 24 and 72 h significantly decreased the release of IL-8 at low (85 mM) and high doses (170 mM) of EtOH, compared with the untreated IL-6-stimulated samples (P<0.05). Post-treatment with a high dose EtOH for 1 h markedly reduced the release of IL-8 from the IL-6-stimulated A549 cells compared with the untreated IL-6-stimulated control cells (P<0.05). Following post-treatment with EtOH for 24 or 72 h at each dose, the release of IL-8 was reduced to levels comparable with those observed pre-treatment (P<0.05; Fig. 2) .
Pre-treatment with EtP for 1 h at each dose had no effect on the release of IL-8, whereas pre-treatment with EtP for 24 or 72 h significantly decreased the release of IL-8 at low and high concentrations compared with the untreated IL-6-stimulated samples (P<0.05; Fig. 2 ). Post-treatment with high concentrations of EtP for 1 h caused a significant reduction in the IL-6-induced release of IL-8 compared with the untreated control cells (P<0.05). Following IL-6-stimulation, treatment with low and high doses of EtP for 24 or 72 h conferred significant decreases in the release of IL-8 (Fig. 2) . Treatment with NaP exerted similar effects to those observed following treatment with high doses of EtP, independently of the pre-or post-treatment condition (Fig. 2) .
PMN adherence. The adhesion rates of PMN to the A549 monolayer were significantly increased following IL-6 stimulation of the A549 cells (P<0.05; Fig. 3 ). Pre-treatment of the A549 monolayers with 85 or 170 mM EtOH reduced PMN adhesion only when applied at the high dose for 1 h, compared with the untreated IL-6-stimulated A549 cells (P<0.05), whereas post-treatment of the A549 monolayers with EtOH signifi- cantly reduced PMN adhesion, compared with the untreated IL-6-stimulated A549 cells independently of incubation duration, (P<0.05). The only exception was 72 h post-treatment with a low dose of EtOH, which did not cause a significant reduction in PMN adhesion compared with the control cells (Fig. 3) .
Pre-treatment with EtP for 1 h reduced PMN adhesion only at high concentrations (Fig. 3) . Following pre-treatment for 24 h prior to IL-6 stimulation, EtP reduced the PMN adhesion rates significantly at all doses compared with the untreated IL-6-stimulated control cells (P<0.05). Pre-treatment for 72 h at each concentration of EtP did not significantly decrease the PMN adhesion rate. Post-treatment with either low or high doses of EtP for 1, 24 or 72 h caused a significant reduction in IL-6-induced PMN adhesion rates compared with the untreated IL-6-stimulated control cells (P<0.05). Treatment with NaP exerted a significant reduction in PMN adhesion rates only when applied post-treatment, and was independent of the incubation duration (Fig. 3) .
Expression of the CD54 adhesion protein.
The stimulation of A549 cells with IL-6 caused no significant change in the surface expression of CD54 compared with the unstimulated control cells (Fig. 4) . However, the expression of CD54 was significantly reduced following pre-treatment for 24 h with EtOH, EtP or NaP, independent of the dose used, compared with the control cells (P<0.05).
Discussion
Although EtOH intoxication may result in cellular injury and negative clinical outcomes, acute EtOH consumption has several beneficial anti-inflammatory and immunomodulatory effects (4, (9) (10) (11) . Although chronic alcoholism is detrimental to health, acute EtOH consumption may result in a decreased risk of cardiovascular disease events, including stroke, and increased survival rates following significant blood loss in an in vivo model of acute inflammation (4, 18, 20) . However, the use of EtOH clinically is unrealistic due to its well known side-effects to the CNS. The present study evaluated the effects of acute and prolonged EtOH exposure, and the effects of EtP on the inflammatory response of human A549 lung epithelial cells. The A549 cells were exposed to either EtOH Fig. 2) . Similar results were observed pre-and post-treatment, which is of significant clinical importance as post-treatment use and effectiveness is likely to be more relevant in the clinical scenario. Similar effects were observed in the adhesion rates of neutrophils to the treated and stimulated epithelial cells (Fig. 3) . Post-treatment with either EtOH or EtP was more effective in reducing neutrophil adhesion compared with pre-treatment, possibly due to acute effects on cell surface adhesion molecules (Fig. 3) . However, these effects did not correlate with modulations of CD54 in response to IL-6 stimulation, due to inconsistent and rather moderate changes in the expression of CD54 on epithelial cells (Fig. 4) , and other adhesion-relevant proteins may be involved. In numerous models of inflammation, it has been demonstrated that EtOH consumption modulates the inflammatory response, however, scientific disagreement on the exact effects of EtOH on the immune system remains (1,2,4,6,7) . While chronic EtOH abuse is associated with unfavorable hyper-inflammatory events, moderate and/or acute intake appears more favorable due to its anti-inflammatory effects in models of inflammation (4) (5) (6) (7) 34, 35) . IL-6, a pleiotropic pro-inflammatory cytokine, has been identified as an important contributor to immune regulation and inflammation in various pathologies, including lung injuries in chronic or acute inflammation (21, 36, 37) . IL-6, together with IL-8, accounts to molecules that are involved in the activation, trafficking and infiltration of neutrophils in models of acute lung injury (38) . These inflammatory mediators are modulated by EtOH. Acute EtOH use has been demonstrated to reduce the LPS-induced release of IL-6 from macrophages in a dose-and time-dependent manner (39) . Furthermore, the anti-inflammatory effects of IL-8 have been reported by Johansson et al, demonstrating that acute treatment of human umbilical vein cells (HUEVCs) with an EtOH dose equal to that used in the present study, and subsequent stimulation of cells with pro-inflammatory mediators, decreased the release of IL-8 (3). In the present study, the release of IL-8 from lung epithelial cells stimulated with IL-6 was markedly reduced following treatment with either EtOH or EtP (Fig. 2) . These anti-inflammatory effects were with EtOH prior to or following IL-6 stimulation decreased the release of IL-8 and was independent of the EtOH concentration used (Fig. 2) . These findings demonstrated that a high dose of EtOH exerted potent anti-inflammatory effects compared with a low dose. Bhatty et al demonstrated that treating mice with ~87 mM EtOH, and challenging them intraperitoneally with non-pathogenic Escherichia coli, suppressed the production of the majority of known pro-inflammatory cytokines (40) . Our previous study revealed that acute EtOH gavage prior to the onset of hemorrhagic shock decreased systemic and local inflammation, including IL-6 levels, in vivo and reduced mortality rates (4) . Notably, the anti-inflammatory potential was observed even when EtOH was applied following the inflammatory insult.
The immune response following trauma involves other factors, the hierarchy of which remains to be fully elucidated. Epithelial cells, together with neutrophils, represent the first line of defense in inflammatory conditions, and lung epithelial cells are important in the innate immune response of the lung (41, 42) . Furthermore, neutrophils are essential components of the host defense and the innate immune system, responsible for combating infections, however, a number of studies have demonstrated that limiting neutrophil presence at sites of inflammation increases organ integrity, as activated neutrophils also have the potential to harm injured tissues (43, 44) . The role of neutrophils in the development of lung injury and acute respiratory distress syndrome has been demonstrated in patients recovering from neutropenia and suffering from pneumonia concurrently (45) , in which higher mortality rates (87%) were observed compared with patients with acute respiratory distress disorder patients, but without preceding neutropenia (52%) (45) . Our previous study demonstrated that the reduced expression of hepatic CD54 following acute EtOH exposure was associated with decreased hepatic neutrophil The present study confirmed that stimulating epithelial cells with IL-6 increased the adhesion of neutrophils, however, the expression of CD54 was not significantly altered ( Figs. 3 and 4 ). Jonsson and Palmblad demonstrated that EtOH inhibited the LPS-induced adhesion of neutrophils to stimulated HUVECs, but did not effect the expression of CD54 (30) . The present study demonstrated that EtOH moderately inhibited neutrophil adhesion when it was applied prior to IL-6 stimulation, however, treating the epithelial cells following IL-6 stimulation independently decreased neutrophil adhesion (Fig. 3) . The expression of CD54 was not altered by EtOH at any of the incubation periods, with the exception of application of EtOH to the cells prior to IL-6 stimulation, findings that do not correlate with our previous results, but are in line with the those of Jonsson and Palmblad. This suggested that mechanisms other than CD54 exist, by which EtOH modulates PMN-adhesion, possibly via CD31, or CD62L. Therefore, EtOH affected the host immunity in a dose and time-dependent manner, however, support for its clinical application as a therapeutic option is limited. There is a lack of randomized prospective clinical trials on its dose-and time-dependency to support its use; therefore, other treatment options are required. In this regard EtP, a safe and well-tolerated anti-inflammatory drug, may be a realistic approach in the inflammatory settings (22) .
Comparing the effects of EtOH with EtP in the present study demonstrated that EtP exerted higher anti-inflammatory potential at a lower dose. The present study revealed that EtP was more potent when administered post-treatment and the effects were independent of the incubation duration. This finding is in line with those of Johansson et al, which confirmed the anti-inflammatory potential of EtP (29) . Regarding NaP treatment, no consistent data was obtained in the present study. While the effects of NaP were comparable to those of high doses of EtP concerning neutrophil adhesion, it exhibited a weak anti-inflammatory effect. These findings confirmed that the pyruvate moiety of molecules was decisive for adhesion, whereas the ethyl moiety of the EtP and EtOH affected the functional site, based on the adhesion findings. Taken together, the present study demonstrated a reduction in pro-inflammatory cytokine release from stimulated lung epithelial cells by EtOH and EtP. In addition, the adhesion capacity of neutrophils under inflammatory conditions was decreased by EtOH and by EtP. Furthermore, EtP provided a marked anti-inflamatory and PMN-modulating effects, even when administered post-treatment, and is, therefore, of therapeutical value.
